Hydrogen evolution reaction (HER) is critical for a variety of important areas such as water electrolysis, chlor-alkali electrolysis, metal deposition and corrosion protection[@b1]. In particular, sustainable and efficient hydrogen production from water electrolysis has attracted growing scientific interest because hydrogen, a clean and renewable energy carrier, is a promising alternative for traditional fossil fuels in the future[@b2]. The efficiency of electrocatalytic hydrogen production strongly depends on the electrocatalyst. An advanced electrocatalyst for HER should reduce the overpotential and consequently increase hydrogen production efficiency[@b3]. Pioneering studies have demonstrated Pt-group metals exhibit low overpotential and fast kinetics for HER, which are the most effective electrocatalysts[@b4]. However, the high cost and rarity of these noble metals make their large-scale applications unattractive.

Recently, both organometallic complexes and inorganic electrocatalysts based on transition metals have been proposed to be potential substitutes of Pt-group metals[@b5][@b6][@b7][@b8][@b9]. However, for organometallic complexes, further study needs to address issues related to low activity in aqueous solution as well as the limited stability due to their inherent susceptibility to decomposition[@b10]. On the other hand, fully inorganic electrocatalysts such as transition metal chalcogenides, carbides, and nitrides are highly appealing[@b11][@b12][@b13]. As a result, many attempts have been made to improve their HER activity through increasing electrocatalytic sites and conductivity by introducing Au and graphitic carbon[@b14][@b15][@b16][@b17][@b18]. Meanwhile, intense research efforts have been made on nonmetallic electrocatalysts, resulting in the development of polyhydroxylated fullerene and carbon nitride for hydrogen evolution[@b19][@b20]. Despite tremendous efforts, many researches still focus on developing highly active and durable HER electrocatalysts based on earth abundant, nonmetallic components.

Doped cubic diamond is a favorable electrocatalytic material in many fields owning to its high electrocatalytic activity, extended lifetime, good mechanical and chemical stability[@b21]. Unfortunately, its high overpotential for HER makes it unattractive for water electrolysis[@b22], but hexagonal nanodiamond, combining the cubic structure of cubic diamond and the layered hexagonal structure of graphite[@b23], may possess the outstanding properties of cubic diamond while offering a high conductivity and low overpotential for HER. The HER performance of hexagonal nanodiamond probably can be enhanced by synergistic coupling with graphite, which has been reported as HER catalyst support due to its abundance of electrochemically active edges, large surface area, high conductivity and low cost[@b24][@b25]. Furthermore, the electrocatalytic activity of carbon materials can be further improved by heteroatom doping[@b26]. When nitrogen atoms are doped into a carbon framework, it can increase the catalytic sites through inducing strain and defect sites[@b27]. Nitrogen doping also can polarize adjacent carbon atoms, and thereby may induce a reduced energy barrier towards electrochemical reactions[@b28]. Hence N-doped hexagonal carbon (NHC), composed of hexagonal nanodiamond and graphite, was first designed as a novel HER electrocatalyst in this work.

In an effort to develop economical material for replacing noble metal as HER electrocatalyst, we reported an efficient, stable and metal-free HER electrocatalyst based on NHC. Its HER performance was evaluated by testing its polarization curve, hydrogen production rate and long-time durability, whereas the HER mechanism was analyzed by Tafel slope. Meanwhile, the HER behaviors of commercial Pt/C, hexagonal carbon (HC) and graphite were also examined as comparison. For NHC, the origin of its activity was discussed.

Results
=======

NHC electrode was prepared by depositing NHC film on Ti substrate using microwave plasma enhanced chemical vapor deposition. [Figure 1a](#f1){ref-type="fig"} displays the scanning electron microscopy (SEM) image of prepared NHC electrode, which reveals a uniform NHC film with characteristic 'ridge\' like structure is deposited on Ti substrate. This NHC film appears to cover the entire substrate without any noticeable cracks. The high resolution SEM image ([Figure 1b](#f1){ref-type="fig"}) shows the 'ridge\' is composed of nanoparticles. The size of these nanoparticles is in the range of 10 \~ 80 nm, as estimated from the transmission electron microscopy (TEM) image of [Figure 1c and 1d](#f1){ref-type="fig"}. The measured interplanar spacing are 0.217 nm and 0.34 nm, corresponding to the (100) plane of hexagonal diamond and (002) plane of graphite, respectively.

The X-ray diffraction (XRD) pattern of NHC electrode is presented in [Figure 2a](#f2){ref-type="fig"}. Diffraction peaks appear at 41.3°, 43.9°, 75.4°, 82.4° and 91.6° are corresponding to (100), (002), (110), (013) and (112) facets of hexagonal diamond, respectively (JCPDS no.19-0268). The peaks observed at 36.1°, 60.7° and 72.7° are related to the formation of TiC layer between Ti substrate and NHC film. TiC layer can be formed when diamond was grown on the Ti substrate by chemical vapor deposition[@b29]. Three peaks can be observed in the Raman spectroscopy ([Figure 2b](#f2){ref-type="fig"}). The peak located at 1170 cm^−1^ is attributed to the E~2g~ mode of hexagonal nanodiamond. A broad asymmetrical peak appears at 1250 cm^−1^ \~ 1425 cm^−1^, which can be deconvoluted into two peaks (1321 cm^−1^ and 1360 cm^−1^) by Gaussian fitting. The peak at 1321 cm^−1^ is the A~1g~ mode of hexagonal nanodiamond. The other peaks around 1360 cm^−1^ and 1540 cm^−1^ arise from graphite. X-ray photoelectron spectroscopy (XPS) N 1s spectrum ([Figure 2c](#f2){ref-type="fig"}) demonstrates nitrogen atoms have been successfully doped into NHC. The peak at 398.8 eV corresponds to N atoms bonded with sp^3^-hybridized C atoms (N-sp^3^C), while the peak at 400.0 eV corresponds to N atoms bonded with sp^2^-hybridized C atoms (N-sp^2^C)[@b30][@b31]. The N-N bonds may be related to encapsulated nitrogen[@b30]. These results reveal that incorporated nitrogen mainly exists as N-sp^2^C and N-sp^3^C bonds. The amount of doped nitrogen is 1.1 at.% from XPS element analysis. In order to identify the content of hexagonal nanodiamond and graphite in NHC electrode, XPS C 1s spectrum ([Figure 2d](#f2){ref-type="fig"}) is deconvoluted into four peaks, related to sp^3^ C-C bond, sp^2^ C-C bond, sp^3^ C-N bond and sp^2^ C-N bond, respectively[@b31]. According to their peak areas, the ratio of (sp^3^ C-C + sp^3^ C-N)/(sp^2^ C-C + sp^2^ C-N) is about 1.35, which is approximately equal to the ratio of hexagonal nanodiamond to graphite.

The electrocatalytic activity of NHC electrode for hydrogen evolution was investigated by linear sweep voltammetry in 0.5 M H~2~SO~4~ solution. As a comparison, the HER activity of commercial Pt/C electrode was also tested. As presented in [Figure 3](#f3){ref-type="fig"}, the polarization curve of NHC electrode shows a small onset potential of −65 mV for HER, beyond which the cathodic current density increases rapidly under more negative potentials. This is one of the most positive onset potentials for electrocatalytic HER among the reported non-noble materials[@b18][@b20][@b32] (Details in [Supplementary Table S1](#s1){ref-type="supplementary-material"}), which is comparable to that of commercial Pt/C electrode (0 V). This result suggests NHC electrode may favor proton reduction kinetics. For driving a current density of 10 mA cm^−2^, NHC electrode only requires an overpotential of 0.18 V, which is comparable or even lower than those of reported nonprecious electrocatalysts[@b17][@b18][@b20][@b32]. These results imply that fast and efficient electron transfer occurs on the NHC electrode. In addition, NHC electrode is also active for HER at neutral and basic solution ([Supplementary Fig. S1](#s1){ref-type="supplementary-material"}).

[Figure 4](#f4){ref-type="fig"} shows the hydrogen amount produced on NHC electrode under Galvanostatic electrolysis in 0.5 M H~2~SO~4~. The hydrogen production rate is normalized by electrode area. NHC presents high hydrogen production rates at low overpotentials, which are 3.24 mL cm^−2^ h^−1^ and 20.8 mL cm^−2^ h^−1^ at electrolysis potential of −0.15 V and −0.35 V, respectively. Under potentials both −0.15 V and −0.35 V, the amount of hydrogen experimentally quantified by gas chromatography during electrolysis matches well with the values calculated theoretically from the number of charges passing through the electrode, indicating high hydrogen production efficiency (nearly 100%) of NHC electrode. These results clearly confirm the high electrocatalytic activity of NHC electrode.

A promising material for electrocatalytic HER should exhibit not only high activity but also good durability. The long-term stability of NHC electrode was examined by electrolysis at high current density in 0.5 M H~2~SO~4~. As shown in [Figure 5a](#f5){ref-type="fig"}, although NHC electrode is operated in a corrosive acidic solution at overpotential 0.27 V, its cathodic current density remains around 30.4 mA cm^−2^ for 30 h operation. After 10,000 cycles of potential sweeps at -0.4 \~ 0.6 V, NHC electrode retains a polarization curve similar to the initial one with negligible loss of cathodic current density ([Figure 5b](#f5){ref-type="fig"}). These results demonstrate that NHC electrode is durable during electrocatalytic hydrogen production. Its stability compares well with those of other newly reported noble-metal free electrocatalysts[@b19][@b32][@b33], while NHC electrode is still in the series displaying the best performance so far. The excellent durability of NHC electrode arises from the superior electrochemical stability and corrosion resistance of nanodiamond.

Discussion
==========

In order to clarify the factors contributed to the good HER performance of NHC electrode, the HER activity of HC electrode was measured as the reference ([Figure 6](#f6){ref-type="fig"}). The onset potential for HER at NHC electrode is more positive than that at HC electrode, and the current density of NHC electrode is also larger than that of HC electrode when the potential is more negative than −0.07 V, indicating the HER activity of NHC electrode is obviously enhanced after nitrogen doping. When nitrogen amount increases from 0 to 1.1 at.%, current density of NHC electrode at the same potential is significantly enhanced ([Supplementary Fig. S2](#s1){ref-type="supplementary-material"}). However, the enhancement is not obvious when the nitrogen amount is further increased to 1.5 at.%. Therefore, NHC electrode with nitrogen content 1.1 at.% is selected for the following experiments. Since graphitic carbon (sp^2^-C) exists in NHC electrode, HER activity of graphite, N-doped graphite and NHC with different contents of sp^2^-C were also tested to evaluate its contribution ([Supplementary Fig. S3](#s1){ref-type="supplementary-material"}). Cathodic current from hydrogen evolution is observed on graphite and N-doped graphite electrodes, indicating the sp^2^-C in NHC electrode may contribute to HER activity. To further clarify the contribution of sp^2^-C, NHC electrodes with different sp^2^-C contents were prepared ([Supplementary Table S2](#s1){ref-type="supplementary-material"}). The HER activity of NHC electrode is enhanced when the sp^2^-C content increases from 32.9% (sp^2^/sp^3^ = 0.49, NHC1) to 42.5% (sp^2^/sp^3^ = 0.74, NHC2) and almost keep constant by further increasing the sp^2^-C content to 50.5% (sp^2^/sp^3^ = 1.02, NHC3). This phenomenon is correlated to their charge transfer resistance (NHC1 \> NHC2 ≈ NHC3, [Supplementary Fig. S4](#s1){ref-type="supplementary-material"}). The increased sp^2^-C content in NHC electrode facilitates charge transfer to some extent and thereby results in improved HER activity. Compared with N-doped graphite, NHC electrode presents significantly enhanced HER activity with much lower overpotential and larger current density, suggesting the HER activity of NHC electrode is mainly originated from hexagonal nanodiamond and/or the synergistic effect between hexagonal nanodiamond and graphitic carbon. These results indicate that graphitic carbon in NHC can facilitate hydrogen evolution to some extent, but it is not the main factor contributed to the high HER activity of NHC. Since it is difficult to separate TiC from NHC film, commercial TiC is employed for comparison. It should be noticed that the Ti electrode shows a very negative onset potential for HER with almost neglectable current density in the potential range of −0.4 V \~ 0 V, while both commercial TiC (99.99%, cubic, 20 nm) and commercial TiN (99.9%, cubic, 20 nm) exhibit more negative onset potential and much lower current density than NHC electrode ([Supplementary Fig. S5](#s1){ref-type="supplementary-material"}). Moreover, Auger depth profile shows Ti content at the surface layer (thickness about 2 μm) of NHC electrode is lower than the detection limit ([Supplementary Fig. S6](#s1){ref-type="supplementary-material"}), which indicates the HER activity of NHC electrode is originated from NHC film. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was performed to rule out metal contamination ([Supplementary Table S3](#s1){ref-type="supplementary-material"}) of NHC film. The results suggest the HER activity of NHC electrode is originated from NHC film rather than metal impurities. CO adsorption has further confirmed the absence of Pt at NHC electrode ([Supplementary Fig. S7](#s1){ref-type="supplementary-material"}). These results demonstrate HER activity of NHC electrode is mainly originated from hexagonal nanodiamond and/or the synergistic effect between hexagonal nanodiamond and graphite as well as nitrogen doping.

To obtain further insight into the good activity of NHC electrode for electrocatalytic HER, electrochemical impedance spectroscopy analysis was used to characterize its charge-transfer rate for HER. The Bode plots reveal single time constant behavior of these electrodes ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). Based on the Bode and Nyquist plots ([Figure 7](#f7){ref-type="fig"}), corresponding equivalent circuit model is obtained ([Supplementary Fig. S8](#s1){ref-type="supplementary-material"}). The charge-transfer resistance is determined from the diameter of semicircle at high frequencies in Nyquist plot. The NHC electrode presents a charge-transfer resistance of 59.3 Ω, much smaller than that of HC electrode (116.1 Ω). It reveals the charge-transfer resistance of NHC electrode is significantly decreased after nitrogen doping, which will result in a much faster electron transfer from active sites of NHC to protons during HER. The charge-transfer resistance of graphite electrode is 59.9 Ω, comparable to that of NHC electrode, but the HER performance of NHC electrode is advantageous over that of graphite electrode. In addition, the electrical resistivity is 2.07 mΩ cm for NHC and 1.69 mΩ cm for graphite, much smaller than that of HC (12369.8 mΩ cm), indicating the good conductivity of NHC and graphite. These results illustrates the enhanced electrocatalytic activity of NHC electrode for HER can be attributed to the high rate of electron transfer after nitrogen doping and the intrinsic electrocatalytic property of HC.

Tafel slope is an inherent property of electrocatalytic material. It is determined by the rate-limiting step of HER. The determination and interpretation of Tafel slope are important for elucidation of the hydrogen evolution mechanism involved. The linear portions of Tafel plots on NHC (50 \~ 89 mV), HC (87 \~ 208 mV) and commercial Pt/C electrodes (4 \~ 29 mV) were fitted to the Tafel equation, as displayed in [Figure 8](#f8){ref-type="fig"}. The determined Tafel slopes are 56.7, 109.5, 30.3 mV dec^−1^ for NHC, HC and commercial Pt/C electrodes, respectively. The Tafel slope of NHC electrode is not only smaller than that of HC electrode, but also smaller than those of many non-noble electrocatalytic materials reported recently, such as Cu~2~MoS~4~ (95 mV dec^−1^)[@b18], C~60~(OH)~8~ (78 mV dec^−1^)[@b20], Mo~2~S/Au (69 mV dec^−1^)[@b17] and Mo~2~C/XC (59.4 mV dec^−1^)[@b16] (Details in [Supplementary Table S1](#s1){ref-type="supplementary-material"}). The smaller Tafel slope of NHC electrode will lead to a faster increment of reaction rate with increasing overpotential. The exchange current density is obtained from Tafel curve by using extrapolation method, which is 5.7 × 10^−2^ mA cm^−2^ for NHC electrode. This value is higher than those found for the above mentioned nonprecious electrocatalytic materials (7.0 × 10^−5^ \~ 4.0 × 10^−2^ mA cm^−2^). Compared with those non-noble electrocatalytic materials reported recently, NHC electrode presents a quite large exchange current density and a relatively small Tafel slope at such low overpotential, indicating NHC is a promising nonmetallic electrocatalyst for HER. According to the two-electron-reaction model, electrocatalytic HER at acidic media proceeds in two steps. First is the discharge step (Volmer reaction, 2H~3~O^+^ + M + e^−^ → M-H + H~2~O, 116 mV dec^−1^). Second is the electrochemical desorption step (Heyrovsky reaction, H~3~O^+^ + M-H + e^−^ → M + H~2~ + H~2~O, 40 mV dec^−1^) or the recombination step (Tafel reaction, M-H + M-H → M + H~2~, 30 mV dec^−1^). The obtained Tafel slope of 56.7 mV dec^−1^ suggests that hydrogen evolution on NHC electrode probably occurs via a Volmer--Heyrovsky mechanism. The relatively small slope indicates fast proton discharge kinetics on NHC electrode.

Based on the aforementioned results, the superior HER activity of NHC electrode is considered to stem from the inherent hydrogen evolution property of HC as well as the improved charge transfer kinetics and increased catalytic sites after nitrogen doping. The excellent HER performance of HC is benefited from the unique structure of hexagonal nanodiamond and/or the synergistic effect between hexagonal nanodiamond and graphite. It has been proved the HER activity is further improved by nitrogen doping, which can significantly improve the charge transfer kinetics. Nitrogen doping also can polarize adjacent carbon atoms and the positively charged carbon atoms can act as active sites for hydrogen adsorption ([Supplementary Fig. S9](#s1){ref-type="supplementary-material"}). It may facilitate the Volmer reaction and thereby can induce a reduced energy barrier towards HER[@b34]. Besides, defects induced by nitrogen doping can acts as active sites for electrochemical reduction reaction[@b28].

In summary, an efficient and durable hydrogen evolution electrocatalyst, NHC, has been created from earth abundant and nonmetallic components. NHC electrode exhibited superior performance for HER with a low overpotential (65 mV) and a large exchange current density (5.7 × 10^−2^ mA cm^−2^). Moreover, NHC electrode showed high hydrogen production rate (20.8 mL cm^−2^ h^−1^ at overpotential of 0.35 V) and good stability during electrolysis. These outstanding behaviors of NHC were attributed to the excellent electrocatalytic HER activity of HC, remarkably reduced charge-transfer resistance and increased catalytic sites after N doping. This work indicates NHC represents a new and attractive nonmetallic inorganic material for water electrolysis, which is valuable in exploring related nonmetallic or all-carbon based electrocatalyst for HER.

Methods
=======

Preparation of Electrodes
-------------------------

The NHC electrode was prepared by microwave plasma enhanced chemical vapor deposition (MMPS-2030C, Chengdu Hueray microwave Tech. Ltd) under the following conditions: a gas mixture of H~2~/CH~4~/N~2~ (CH~4~ = 10 \~ 20%, N~2~ = 0.4\~1.2%), substrate temperature of 480°C, pressure of 6.0 \~ 6.1 kPa and deposition time of 4 h. As a comparison, HC electrode was synthesized under the same conditions for NHC electrode preparation but without adding N~2~. The commercial Pt/C electrode was prepared as follows: commercial Pt/C catalyst (20 wt% Pt on Vulcan carbon black) was dispersed in Nafion/ethanol solution by at least 30 min sonication to form a homogeneous ink, and then the catalyst ink was drop-coated onto Ti substrate (6 mm in diameter) with a catalyst loading of 0.35 mg cm^−2^.

Characterization
----------------

SEM images were recorded on a Hitachi S-4800 microscope. TEM images were collected on an FEI-Tecnai G2 20. XRD was carried out on a Shimadzu LabX XRD-6000. Raman spectroscopy was obtained using a Renishaw Micro-Raman system 2000 with He-Ne laser excitation (wavelength 623.8 nm). XPS was performed with a VG ESCALAB 250 spectrometer using a nonmonochromatized Al Kα X-ray source (1486.6 eV). The C 1s and N 1s spectra were obtained after charge correction using the binding energy of Ti 2p as reference. ICP-AES was conducted on Optima 2000 DV spectrometer. Auger electron spectroscopy with argon sputtering was obtained from PHI-700Xi equipped with a field emission source and a coaxial cylindrical mirror analyzer (5 KV, ≤3.9 × 10^−9^ Torr). The sputtering rate was about 50 nm min^−1^. Conductivity was measured by a four-point probe meter (RTS-8).

Electrochemical Experiments
---------------------------

The electrochemical measurements were carried out on PARSTAT 2273 electrochemical system by employing a typical three-electrode setup. NHC electrode (or commercial Pt/C, HC, graphite electrodes with the same catalyst loading) was used as working electrode, a platinum sheet and an Ag/AgCl (saturated KCl) electrode served as the counter electrode and the reference electrode, respectively. All potentials were quoted with respect to reversible hydrogen electrode (RHE), which were converted by the following equation: E~vs\ RHE~ = E~vs\ Ag/AgCl~ + 0.059 × pH + 0.199 (V). Linear sweep voltammograms with scan rate of 5 mV s^−1^ and scan range of -0.40 \~ 0.05 V (vs RHE) were obtained in hydrogen purged 0.5 M H~2~SO~4~. Electrochemical impedance spectroscopy measurements were conducted at *η* = 0.199 V from 100000 Hz to 0.005 Hz with amplitude of 5 mV in a three-electrode system. The linear portions of the Tafel plots were fitted to the Tafel equation, *η = a + blog j + jR*, where *η* (V) is the applied overpotential, *a* (V) is the Tafel constant, *b* (V dec^−1^) is the Tafel slope, *j* (A cm^−2^) is the current density (refers to the geometric surface area of the working electrode), *R* (Ω cm^−2^) is the total area-specific uncompensated resistance of the system. The long-term durability test was conducted at a fixed potential in 0.5 M H~2~SO~4~ solution by recording the current density.

Electrocatalytic hydrogen production by NHC electrode was performed in a gas-tight double-chamber cell. During hydrogen production, the cathodic chamber was constantly flushed with nitrogen (2 mL/min) and the output gas was collected. To quantify hydrogen produced, the output gas was sampled (200 μL) every 2 min and analyzed in a gas chromatograph (Shimadzu, GC-14C) equipped with molecular sieve 5A column thermostated at 100°C and a thermal conductivity detector (TCD) thermostated at 120°C. Then chromatographic peak area of hydrogen (S~H~) could be obtained. To get the calibration curve, hydrogen was flowed into the cathodic chamber (constantly flushed with nitrogen but without water electrolysis) with known flow rates and measured by the same procedure. A linear relationship between the chromatographic peak areas of hydrogen and the amounts of hydrogen was obtained (y = ax + b, y is the peak area, x is the hydrogen amount). According to the peak area of hydrogen (S~H~) and the equation y = ax + b, the amount of hydrogen produced can be calculated. The hydrogen production efficiency was calculated as follows: production efficiency = 2nF/Q, where n is the amount of hydrogen produced (mol), F is the Faraday constant, Q is the amount of charge passed through the cell (C).
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![XRD, Raman and XPS spectra of NHC electrode.\
(a) XRD spectrum. (b) Raman spectrum. (c) XPS N 1s spectrum. (d) XPS C 1s spectrum.](srep06843-f2){#f2}

![HER activity of different electrodes.\
Linear sweep voltammograms of commercial Pt/C and NHC electrodes in 0.5 M H~2~SO~4~ (scan rate 5 mV s^−1^).](srep06843-f3){#f3}

![Hydrogen produced practically and theoretically.\
The volume of hydrogen calculated and detected on NHC electrode in 0.5 M H~2~SO~4~ at potential (a) −0.15 V (vs RHE) and (b) −0.35 V (vs RHE).](srep06843-f4){#f4}

![Stability of NHC electrode for HER.\
(a) Time dependence of electrocatalytic current density during electrolysis at overpotential 0.27 V for NHC electrode. (b) Polarization curves of NHC electrode before and after potential sweeps (-0.4 \~ 0.6 V, 100 mV s^−1^) for 10,000 cycles in 0.5 M H~2~SO~4~.](srep06843-f5){#f5}

![HER activity of different electrodes.\
Linear sweep voltammograms of NHC, HC, graphite and Ti electrodes in 0.5 M H~2~SO~4~ (scan rate 5 mV s^−1^).](srep06843-f6){#f6}

![Comparison of charge-transfer resistances.\
Nyquist plots of graphite, HC and NHC electrodes in 0.5 M H~2~SO~4~ solution.](srep06843-f7){#f7}

![Tafel plots of different electrodes.\
Tafel plots of NHC, HC and Pt/C electrodes in 0.5 M H~2~SO~4~ (scan rate 5 mv s^−1^).](srep06843-f8){#f8}
